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ABSTRACT 
 
Dye-sensitized solar cells (DSSCs) comprised of sensitizers within a TiO2 
semiconductor matrix are promising photovoltaics that use electron transfer (ET) to 
convert photons into current. Improvements in DSSC efficiency require fundamental 
understanding of the distribution of forward and back ET dynamics at the dye-
semiconductor interface, which ensemble-averaged experiments are incapable of 
observing. In this study, the distributions of ET dynamics in dye-sensitized TiO2 systems 
are probed using single-molecule fluorescence (SMF) microscopy. The time-dependent 
emission (i.e., blinking dynamics) of rhodamine 6G (R6G), rhodamine B (RB), and 5-
carboxy-x-rhodamine (5-ROX) sensitized colloidal anatase TiO2 films are quantified by 
constructing histograms of emissive (“on”) and non-emissive (“off”) events. Robust 
statistical analysis reveals that the off-time distributions for molecules on TiO2 are not 
consistent with the power-law hypothesis and are instead well represented by log-normal 
distributions. These ET data are consistent with the Albery model of a Gaussian 
distribution of activation energies, where the power-law and log-normal distribution fit 
parameters are sensitive to experimental time resolution and cannot be analyzed as 
absolute values. Relative comparison of the fit parameters of R6G, RB, and 5-ROX ET 
distributions on colloidal TiO2 provides insight into the effect of sensitizer structure on 
the photophysical system. Notably, log-normally distributed off times produce a larger 
scaling parameter μ for 5-ROX than for R6G or RB, suggesting the dye binds more 
strongly to TiO2 than R6G or RB and produces slower back electron transfer (BET) rates 
due to increased electron delocalization. The on-time distributions for rhodamine dyes on 
TiO2 are fit by power laws, but they are only operative for long emissive durations 
	   iv	  
comprising less than 15% of the photophysical data. Changes in fluorescent spot density 
on false-colored images of R6G on bare glass, colloidal anatase TiO2, and single-crystal 
rutile TiO2 illustrate the impact of substrate on ET dynamics, but single-molecule studies 
of rhodamine molecules on single-crystal rutile could not be completed due to extremely 
efficient ET. Future investigations will apply single-molecule methodologies with 
picosecond resolution to dye-semiconductor systems. 
 1 
INTRODUCTION 
Dye-Sensitized Solar Cells 
Solar cells have immense potential as a source of alternative energy, yet solar 
power provides less than 1% of current U.S. energy needs.
1
 Next-generation photovoltaic 
technology is dependent on the development of low-cost devices that can efficiently 
convert sunlight to electricity. Dye-sensitized solar cells (DSSCs) comprised of 
sensitizers (i.e., dyes, quantum dots) within a semiconductor matrix have demonstrated 
exceptional promise.
2,3
 DSSCs primarily rely on photoinduced electron transfer (ET) to 
convert photons into current,
4
 in which ET occurs at the dye-semiconductor interface due 
to the favorable energy difference between the lowest unoccupied molecular orbital 
(LUMO) of the dye molecule and the conduction band of the semiconductor.
5
 Such 
interfacial ET between dye molecules and semiconductor nanoparticles has been the 
focus of much recent research, as it plays a critical role in many emerging technologies, 
including energy conversion,
6,7
 photocatalysis,
8,9
 and molecular electronics.
10,11
 
Grätzel cells, or modern DSSCs, are comprised of dye molecules adsorbed to the 
surfaces of nanocrystalline TiO2 (Figure 1a).
12,13 
Unfortunately, the efficiency of Grätzel 
cells has remained essentially constant over the past decade. Originally performing at an 
efficiency of ~7% in 1991,
12
 the highest recorded efficiency for these cells is only 
~13%.
14
 To improve DSSC efficiency and successfully harness solar energy, the 
scientific community must first understand the complex ET dynamics that occur at the 
dye-TiO2 interface. Although charge transfer processes between molecular and bulk 
interfaces remain somewhat poorly understood,
4 
improved spectroscopic techniques and 
 2 
heightened awareness of interfacial ET applications have inspired recent advances in the 
field. 
In Grätzel cells, electricity is produced through photoinduced ET between the 
excited dye molecule and the conduction band of TiO2 semiconductor matrix (Figure 
1b).
4
 First, dye molecules absorb sunlight. An electron is then transferred from the 
excited state of the dye to the TiO2 conduction band in forward electron transfer (FET), 
or electron injection. Ideally, these electrons are then converted to electricity at an 
electrode, and dyes are regenerated by electron donation from an electrolyte. 
Occasionally, however, the electron recombines with the dye from the TiO2 matrix in an 
unwanted process called back electron transfer (BET), or charge recombination. In an 
efficient system, the FET to the TiO2 matrix is ultrafast, and BET to the dye is 
exceedingly slow. In other words, the semiconductor is able to receive, and retain, 
 
Figure 1. Interfacial ET between a dye molecule and a TiO2 matrix is shown in the form 
of (a) a schematic and (b) an energy diagram. The ET dynamics are characterized by 
rates of photoexcitation (kEXE), forward electron transfer to the semiconductor (kFET), 
and back electron transfer to the dye molecule (kBET). 
 
 3 
electrons from dye molecules.
15
 Thus, the efficiency of DSSCs is fundamentally rooted in 
the interfacial ET dynamics between the dye and the semiconductor matrix. Notably, the 
reported kinetics for interfacial ET are multiphasic and vary widely, due to the spatial 
heterogeneity of the dye molecules’ local environments and the variations in vibronic 
coupling between sensitizers and semiconductor.
15-22
 The kinetic inhomogeneities 
exhibited by DSSCs are thought to introduce significant limitations on device 
performance,
23
 but the origins of this complex behavior are obscured by traditional 
ensemble-averaged techniques that obscure the distribution of kinetics within a sample.  
Previous Ensemble-Averaged Analysis of Dye/Semiconductor ET 
Previous studies of interfacial ET dynamics relied on steady-state photocurrent 
measurements in electrochemical cells, so they were limited by the other interfacial and 
bulk properties that affect photocurrent. Fortunately, the recent development of 
semiconductor nanoparticles with large surface areas and small sizes has enabled the 
application of time-resolved absorption techniques such as time-resolved infrared (IR) 
spectroscopy and fluorescence lifetime measurements.
24
 Notably, the advent of transient 
absorption spectroscopy in the visible/near-IR and mid-IR regions has enabled the direct 
study of real-time electron injection. The energy differences between the LUMO energy 
of various dyes and semiconductor conduction bands have resulted in measured FET time 
scales ranging from femtoseconds to hundreds of picoseconds.
25
 For example, Asbury et 
al. used femtosecond mid-IR spectroscopy to study both FET and BET dynamics of 
various dye-semiconductor systems.
24
 Since IR absorption of injected electrons indicates 
the arrival of electrons in the semiconductor, Asbury et al. successfully observed that a 
fast component with a ~50 fs electron-injection time dominates the ET from the 
 4 
ruthenium polypyridyl dye RuN3 to a TiO2 thin film.
24
 Moreover, all rate constants were 
under 100 fs for a series of ruthenium dyes, with different excited state redox potentials, 
coupled to TiO2.
24
 Nevertheless, such ultrafast electron injection was not observed in all 
dye-semiconductor systems; RuN3-sensitized SnO2 and ZnO thin films had much longer 
electron injection times of ~4 ps and ~100 ps, respectively. Asbury et al. attributed the 
faster injection in TiO2 to a higher density of states and more favorable electron-donating 
orbital coupling. Additional studies have reported a range of electron injection rates for 
RuN3 sensitized TiO2, with most authors agreeing on the existence of a distinct sub-ps 
ultrafast component. Many experiments also report the contribution of at least one slower 
nonexponential electron injection on the ps timescale.
24
 
 Extensive research on interfacial electron injection dynamics at the dye-TiO2 
interface includes investigation of ET dependence on electronic coupling,
26
 density of 
accepting states,
24,27
 semiconductor,
28,29
 and conjugated polymer/nanoparticle 
composites.
30
 To determine the effect of dye anchoring groups and semiconductor choice 
on interfacial ET, She et al. compared injection kinetics of carboxylate and phosphonate 
dyes on both TiO2 and SnO2.
31
 Using subpicosecond IR absorption spectroscopy, they 
determined that the phosphonate group strengthened the electronic coupling between the 
dye and the Ti center, resulting in faster injection times. The dye molecule ReC1P, 
containing a phosphonate group, had faster injection rates to both TiO2 and SnO2 than the 
carboxylate-containing dye ReC1A. RuN3 and RuN3P contained a carboxylate and 
phosphonate group respectively, but these anchoring groups were directly connected to 
the bipyridine ligands, instead of being separated by a CH2 group. The injection rates of 
the two directly bound dyes were different on TiO2 but similar on SnO2. The effect of the 
 5 
anchoring groups on electron injection from dye to semiconductor films was attributed to 
the degree to which the dye anchoring groups increase ET rate and decrease dye energy 
levels. The relationship between these competing factors is more important when the 
injection rate energy is near the conduction band edge.
31 
 Overall, ensemble-averaged 
experiments have observed that FET in dye-semiconductor system is fast but multiphasic, 
where ET rates are sensitive to both sensitizing molecule and substrate. 
 However, even if FET is extremely fast, overall DSSC efficiency can be 
undermined by BET. The factors that determine the rate of BET remain poorly 
understood. Reported BET rates of various dye-semiconductor systems range from 
picoseconds to milliseconds.
32 
Ramakrishna and Ghosh determined BET rates by 
monitoring bleach-recovery dynamics with time-resolved picosecond and time-resolved 
fluorescence spectroscopy.
16
 The observed recombination dynamics were 
nonexponential, consistent with previous studies of the Fe(CN)6
4-
-sensitized TiO2 
system.
32,33
 Ramakrishna and Ghosh hypothesized that the recombination rates were 
nonexponential due to the spatial and energetic distribution of trap states of the electrons 
injected to the nanoparticle matrix. Further study of the heterogeneous BET reactions 
involved investigation of solvent polarity and temperature, linking the ET of charge 
transfer complexes to their diverse local environments.
16
 
Single-Molecule Fluorescence Spectroscopy Studies of ET Dynamics 
 The observation of heterogeneous ET reactions by Ramakrishna and Ghosh is just 
one example of how our understanding of ET dynamics in DSSCs has been somewhat 
limited by the use of ensemble-averaged, or “bulk”, techniques. Bulk methods, such as 
the previously discussed time-resolved laser spectroscopy techniques, probe the 
 6 
properties of an ensemble of molecules. The spatial and vibronic inhomogeneities of 
DSSCs make it difficult to use bulk analysis to fully understand ET kinetics.
34,35
 Within a 
single DSSC, the interfacial ET rates between dye and semiconductor can vary widely 
from one dye molecule to the next. The polycrystalline TiO2 nanoparticles used in DSSCs 
have varied physical and chemical properties that cause geometric and energetic 
heterogeneities.
36
 Although bulk methods provide average ET rates of these nanoparticle 
TiO2 systems, the detailed relationships between local environment and ET properties is 
hidden under the ensemble. Therefore, to study the full distribution of ET dynamics 
within dye-semiconductor systems, measurements must be conducted with single-
molecule resolution. Characterizing the distribution of photophysical events, rather than 
their average, can provide insights into the roles of sensitizer, surface adsorption sites, 
and molecular geometry on the inhomogeneity ET injection rates.
30 
Thus, interfacial ET dynamics can be better understood using single-molecule 
fluorescence (SMF) spectroscopy, as SMF captures the full distribution of ET rates 
within an inhomogeneous sample rather than just the ensemble-averaged values.
25
 Once 
single dye molecules are located using false-colored images, their blinking dynamics 
(i.e., intensity fluctuations over time) can be recorded to study single-molecule 
photophysics. Blinking is characterized as fluctuations in emissive intensities under 
continuous photoexcitation due to the population and depopulation of optically bright and 
dark vibronic states.
37-44
 As shown in Figure 2a, blinking dynamics capture the 
population and depopulation of dye molecules’ emissive and non-emissive states by  
 7 
recording “on” and “off” periods of fluorescence. “On” states occur during fluorescence, 
while “off” states occur when the molecule is non-fluorescent. In DSSCs, “off” states 
will occur when the dye molecule has transferred an electron to TiO2. “On” states occur 
when the dye molecule is unoxidized and fluorescent. The inset in Figure 2a shows the 
electronic transitions between emissive and non-emissive states that cause blinking. In 
false-colored fluorescence images of single dye molecules (Figure 2b), the striped 
appearance of some molecules is attributed to blinking, where the dark lines are attributed to 
the population of non-emissive “off” states. Additionally, single dye molecules located in 
the false-colored image exhibited characteristic single-step photobleaching during blinking, 
confirming the presence of one dye molecule. 
The durations of emissive and non-emissive events (i.e., on times and off times, 
respectively) can be compiled into histograms and modeled using mathematical 
 
Figure 2. Blinking dynamics of a rhodamine dye molecule on glass are shown in (a). The 
emissive and non-emissive states in the blinking dynamics are linked to ET rates shown 
in the inset as a Jablonski diagram illustrating (a) photoexcitation, (b) fluorescence, (c) 
FET, and (d) BET. A false-colored 10×10 μm2  image of the fluorescence from 10
-9
 M 
rhodamine molecules on bare glass is shown in (b), where the striped appearance of 
molecules indicates blinking dynamics. 
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functions. The on-time distribution is related to the FET kinetics, as the duration of an on 
time is determined by the rate at which electrons moves to a non-emissive state by FET. 
Off-time distributions are related to BET kinetics, as an off time ends when an electron 
undergoes BET and can again participate in fluorescence. When blinking occurs through 
a low-lying triplet state,
45-54
 the population and depopulation processes obey first-order 
kinetics, and the photophysical event distributions can be described by exponential 
functions. The functional fits can be used to extract the first-order rate constants for 
intersystem crossing to the triplet state and decay to the singlet ground state. However, 
several studies have demonstrated that ET kinetics of single molecules on TiO2,
5,25,54,55
 
glass,
56,57
 as well as crystal
44
 and polymer
58,59 
environments are not first order. Instead, 
the on-time and off-time distributions are nonexponential and qualitatively fit by power 
laws. The observation of power-law distributed on times and off times is consistent with 
a dispersive kinetics model, wherein the rate constants for dark-state population and 
depopulation evolve over time.
38,60
  
Biju et al. used SMF to observe the fluorescence fluctuations of blinking 
dynamics in the C343/TiO2 and CV
+
/TiO2 systems, with time constants ranging from 
milliseconds to seconds.
40
 The fluorescence fluctuations of single dye molecules on TiO2 
were attributed to interfacial ET. By conducting various control experiments and ruling 
out the possibility of triplet states or rotation of the dye molecule transition dipoles, they 
concluded that the C343 molecules were indeed injecting electrons into the TiO2 
conduction band. The interfacial ET processes for both dyes on TiO2 were dynamically 
and statically inhomogeneous, as they changed from time to time and from molecule to 
molecule.
40
 These inhomogeneities are linked many factors previously studied with bulk-
 9 
ensemble techniques, including donor-acceptor distance, redox potentials, Franck-
Condon factors, electronic coupling, and solvent reorganization energy.
8
 Wang et al. 
probed the ET properties of the ZnTCCP/TiO2 system, recording SMF blinking dynamics 
and attributing the single-molecule fluorescence intensity fluctuation to interfacial ET 
reactivity changes.
25
 Factors such as triplet states, rotational motion, and translational 
motion were eliminated as causes of the non-emissive time durations using accepted 
literature values and single-molecule polarization experiments. Both studies found that 
off times were nonexponential and appeared to be power-law distributed, indicating the 
presence of complex rate processes involving rate constants that change from time 
instead of a static rate constant.
25,40 
 To date, all single-molecule studies of ET have 
reported nonexponential kinetics with nearly all systems demonstrating power-law 
behavior. However, recent work has shown that distributions which appear to follow a 
power law on log-log axes over several decades in time may not actually be power-law 
distributed.
61-64
 Since quantification of the blinking statistics is critical to understanding 
the underlying photophysics, the on-time and off-time distributions must be examined 
using a statistically-robust approach.  
In this study, SMF will be used to characterize the ET dynamics of rhodamine 
dyes on colloidal anatase TiO2 films, probing the effect of sensitizer and substrate 
changes on the photophysical data. Single-molecule blinking dynamics are analyzed 
using a statistically-principled method, in which on-time and off-time distributions are fit 
to a variety of functions to establish the distribution that best represents the data. Robust 
analysis of the blinking dynamics of R6G molecules on colloidal anatase TiO2 reveals 
that the on-time distribution is well represented by a power law and the off times are well 
 10 
represented by a log-normal distribution. Using Monte Carlo (MC) simulations, we verify 
that these experimental observations are consistent with the Albery model, where the rate 
constants for the population and depopulation of the non-emissive state are log-normally 
distributed, corresponding to a Gaussian distribution of activation energies to FET and 
BET.
65
 However, we see that the log-normal fit parameters for experimental and 
simulated distributions are sensitive to time resolution and therefore must be interpreted 
relative to other fit parameters. The impact of sensitizing molecule on ET kinetics is 
examined for the structurally analogous molecules rhodamine 6G (R6G), rhodamine B 
(RB), and 5-carboxy-X-rhodamine (5-ROX) which exhibit similar electronic properties 
but contain different functional groups for potential binding to TiO2 (Figure 3). We 
observe that off-time distributions for RB and 5-ROX on colloidal anatase are well also 
described by log-normal functions, not by power laws. The log-normal fit parameters µ 
and σ reveal insights into BET distributions in the systems. RB and 5-ROX on-time 
distributions are power-law distributed, but large tmin values indicate that only a small 
fraction of the photophysical data can be well described by power laws, further 
weakening the popular power-law hypothesis. The impact of substrate on ET  
dynamics is probed by SMF studies of R6G on glass, colloidal anatase TiO2, and single-
 
Figure 3. Structures of (a) RB, (b) R6G and (c) 5-ROX 
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crystal rutile TiO2, where fluorescent spot density is substantially decreased on single-
crystal rutile in relation to glass and colloidal anatase. The reduced population of 
fluorescent molecules indicates longer off times and slower BET. Low signal-to-noise 
ratios demonstrate the experimental limitations of low time-resolution techniques (i.e., 
blinking), motivating the use of single-molecule methodologies capable of measuring 
photophysics on the picosecond timescale. 
 
 12 
EXPERIMENTAL 
Sample Preparation 
RB (99+%), R6G (99%), titanium isopropoxide (98+%), isopropanol, acetonitrile 
and hydrochloric acid were used as received from Sigma Aldrich. Deionized water (18.2 
MΩ cm-1) was obtained using a water purification system (ThermoScientific, EasyPure 
II). Pure 5-ROX (Molecular Probes, Life Technologies) was stored in freezer conditions, 
and 5-ROX solutions were refrigerated (Haier). Glass cover slips (Fisher Scientific, 12-
545-102) were cleaned in a base bath for 24 hours, thoroughly rinsed with deionized 
water, and dried using clean dry air (McMaster Carr, filter 5163K17). Single-crystal 
rutile TiO2 substrates (Princeton Scientific) with both sides polished and the c-axis 
labeled were stored in a vacuum-sealed desiccator. Colloidal suspensions of anatase TiO2 
nanoparticles were synthesized by the hydrolysis of titanium isopropoxide.
66
 Briefly, 2 
mL of titanium isopropoxide in isopropanol was slowly injected into 20 mL of acidified 
water (pH ~1.5, adjusted with HCl). The resulting colloidal suspension exhibited an 
absorbance maximum at approximately 280 nm. All dye solutions were prepared in 
deionized water or acetonitrile using base-treated glassware. 
Single fluorescent emitter molecules were spatially selected using a precisely 
aligned confocal microscope and spectrally selected with dilutions in non-fluorescent 
solvent. Single-molecule resolution has been achieved at concentrations ranging from   
1x10
-9
 M to 1x10
-10 
M concentration of rhodamine dye. For single-molecule measurements 
on colloidal TiO2, 100 μL of 10
-8 
M dye solution was diluted to a final concentration of 
10
-9
 M with 900 μL of colloidal TiO2 (500 mg/L). A 35-μL aliquot of the resulting 10
-9 
M 
dye in TiO2 solution was spin-coated on a clean glass cover slip using a spin coater 
 13 
(Laurell Technologies, WS-400-6NPP-LITE) operating at 3000 rpm. For single-molecule 
measurements on bare glass, samples were prepared by spin-coating 35 μL of a 10-9 M 
dye solution onto a clean cover slip at 3000 rpm. For measurements on single crystal 
TiO2, samples were prepared by spin-coating 35 μL of a 10
-9
 M R6G in acetonitrile 
solution onto a clean single-crystal rutile TiO2 substrate. Samples were mounted in a 
custom designed flow cell for environmental control and flushed with dry N2 throughout 
the single-molecule experiments.  
Single-Molecule Confocal Microscopy 
The substrate containing the sensitizing molecule at a single-molecule concentration 
were moved in a raster pattern with a precise nanopositioning stage, and the resulting 
fluorescence intensity measurements were constructed as false-colored images. Samples for 
single-molecule studies were placed on a nanopositioning stage (Queensgate, NPS-XY-
100B or Princeton Instruments, E-545.3CD) atop an inverted confocal microscope 
(Nikon, TiU). Laser excitation at 532 nm (Spectra Physics, Excelsior) was focused to a 
diffraction-limited spot using a variable numerical aperture (NA) 100 oil-immersion 
objective (Nikon Plan Fluor, NA = 0.5-1.3 or Nikon Plan Fluor, NA=1.3) set to NA = 
1.3. Single crystal samples were excited with laser excitation polarized parallel to the c-
axis. Figure 4 illustrates key components of the optical system. Excitation powers (Pexc) 
corresponding to 8.2 µW, 0.73 µW, and 0.60 µW at the sample were used for single-
molecule measurements on colloidal anatase TiO2, glass, and single crystal rutile TiO2 
respectively. Epi-fluorescence from the sample was collected through the objective, 
spectrally filtered using an edge filter (Semrock, LP03-532RS-2S), and focused onto an 
avalanche photodiode detector (APD) with a 50-µm aperture (MPD, PDM050CTB) to  
 14 
provide confocal resolution. A custom LabView program was used to control the 
nanopositioning stage and collect emission. Single-molecule emission was established 
based on the observation of diffraction-limited spots, irreversible single-step 
photobleaching, and concentration dependence of the diffraction-limited spot density. 
The number density of molecules (i.e., ~15 molecules per 100  m2) was equivalent for 
10
-9
 M dye spun coat on colloidal anatase TiO2 nanoparticles as well as bare glass, 
demonstrating that single-molecule studies on colloidal anatase probed the majority of 
molecules. 
Once single molecules were located, blinking dynamics were recorded as emission 
intensity versus time. Blinking dynamics were acquired using a 10-ms binning time for 
~100 s or until the single-step photobleaching event occurred. Consistent with previous 
analyses, blinking dynamics were analyzed using the change-point detection (CPD) 
 
Figure 4. Schematic of the employed optical system. A (a) 532-nm laser is aligned 
through a series of (b) irises using (c) collimating lenses and mirrors sent to a (e) TiU 
Nikon microscope. Power and polarization are adjusted using (d) polarizing optics 
and a polarizing beam-splitting cube. Laser emission is (f) focused through a 100x oil-
immersion objective to a sample on a nanopositioning stage that enables collection of 
emission from precise locations. Epi-fluorescence from the sample is (g) collected at a 
photodiode detector for (h) the construction of false-colored fluorescence images and 
blinking traces.  
 
 15 
method.
43,67
 The CPD analysis reports statistically-significant intensity change points as 
well as the number and temporal durations for up to 12 intensity levels. The durations of 
the first and last events were disregarded, since they are artificially set by the observation 
period. Therefore, events corresponding to permanent molecular photobleaching were not 
included in the analysis. Accordingly, the lowest deconvolved intensity state is 
designated as non-emissive (off). Deconvolved states with intensities greater than one 
standard deviation above the rms noise (i.e., ~20% of the maximum emission intensity) 
are denoted as emissive (on). Throughout this thesis, the temporal durations of 
statistically-significant emissive and non-emissive intensity levels are termed on times 
and off times, respectively. Histograms of on and off times were constructed and 
converted to continuous distributions for analysis and fitting with mathematical 
functions. To interpret the physical significance of these data, Monte Carlo (MC) 
simulations were completed to determine the kinetic distributions responsible for the 
experimental data. The simulated fluorescence intensity trajectories were analyzed using 
thresholding, not CPD analysis, because the CPD method is optimized to detect 
statistically-significant change points in the context of Poisson-distributed photon arrival 
times and dark counts, which are inoperative in the MC simulations. Indeed, MC 
simulations of first-order kinetics were analyzed using both approaches and demonstrated 
that thresholding at 20% of the maximum emission intensity provided accurate fits. All 
data analyses and fitting procedures were performed in Matlab (version R2012b) with 
custom code. 
 16 
RESULTS AND DISCUSSION 
Plausibility of the Power-Law Hypothesis 
The photophysics of single rhodamine molecules adsorbed onto TiO2 were probed 
with a single-molecule confocal microscope employing continuous laser excitation at 532 
nm. Electron-transfer dynamics at the dye-TiO2 interface were characterized using robust 
analysis of blinking dynamics (i.e., time-dependent emission) of single dye molecules 
adsorbed onto nanocrystalline colloidal anatase TiO2. Figure 5 presents the blinking 
dynamics of a single R6G molecule on colloidal TiO2, shown as the change in 
fluorescence intensity with time. Visual inspection of the blinking data suggests that the 
molecule exhibits a single emissive (on) intensity (i.e., ~30 counts) and a single non-
emissive (off) intensity (i.e., < 10 counts). However, previous studies have demonstrated 
that single molecules exhibit multiple emissive intensities, so categorizing molecule 
intensities as emissive or non-emissive based on a simple on-off threshold is 
problematic.
43,68-70
 Therefore, the blinking dynamics of single molecules on TiO2 were 
analyzed using the change-point detection (CPD) method, an approach that provides a 
more accurate determination of on and off events as compared to thresholding.
43,68
 The 
results of the CPD analysis for the molecule in Figure 5 are overlaid on the blinking data 
as a red line. They demonstrate that five deconvolved intensity levels, rather than a 
simple on-off bifurcation, are detected.  
To quantify the distributions of R6G photophysics on TiO2, blinking dynamics for 
many single molecules were deconvolved into emissive and non-emissive intensity 
levels. These photophysical events were compiled into on-time and off-time histograms. 
For example, the distribution of on times for 141 R6G molecules on TiO2 is presented in  
 17 
Figure 6. The on-time distribution for 141 R6G molecules on TiO2 consists of 650 events 
ranging from 0.02 s to 25.31 s (Figure 6a). The mathematical function that properly 
describes the histogram will reflect the photophysical processes that are responsible for 
blinking. For example, if blinking is caused solely by the population and depopulation of 
a triplet state, consistent with first-order kinetics, the on- and off-time histograms will be 
exponential distributions. However, the on-time histogram presented in Figure 6a is not 
well described by an exponential function. Therefore, we cannot conclude that the 
presence of a triplet state is the sole cause of the time-dependent emission of R6G 
molecules on TiO2. 
Histograms of single-molecule photophysical event durations have often been 
characterized as power-law distributions. While an exponentially-distributed histogram is 
related to population and depopulation of a triplet state with static rate constants, a 
power-law distribution is consistent with dispersive kinetics wherein the rates to and from 
a non-emissive state are exponentially distributed. To test the validity of such power-law 
hypothesis, the R6G on TiO2 on-time histogram is transformed into complementary 
 
Figure 5. Blinking dynamics of a single molecule of R6G on colloidal anatase TiO2. The 
fluorescence intensity trajectory (black line) is recorded using 532-nm excitation at 8.2 
μW laser power and a 10-ms binning time. Analysis of the blinking data with the CPD 
method demonstrates that five statistically-significant intensity levels are observed (red 
line). 
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cumulative distribution function (CCDF) that describes the probability of an event 
occurring in a time greater than or equal to t. Figure 6b shows the continuous off-time 
distribution and the best fit by a power-law function ( (   )      
  ) with an 
exponent (α) of 1.63 determined using the popular least-squares (LS) fitting. The off-time 
distribution approximately falls on a straight line on log-log axes and appears to be 
power-law distributed over 2 decades in time. However, previous studies have  
 
Figure 6. Distributions of on times and off times for 141 R6G molecules on TiO2. On 
times are presented as: (a) a histogram of raw data, (b) a smoothed histogram of event 
probabilities (P(ton)) fit to a power law (solid line) corresponding to an exponent ( ) of 
1.63 using least-squares (LS) fitting, and (c) on-time CCDF (solid line) with the best fit 
to a power law (dashed red line) corresponding to  2.22 and tmin = 0.76 s using a 
MLE and KS-test method. The p-value of 0.23 supports the hypothesis that the power 
law is a good model of the data and that   is substantially modified from 1.63 (LS) to 
2.22 (MLE). Corresponding off-time probability distributions: (d) raw data, (e) P(toff) 
best fit to a power law (solid line) with   = 0.95, and (f) off-time CCDF (solid line) fit 
to a power law (dashed red line) with  2.78, tmin = 14.1 s and p  = 0.02. The p-value 
of < 0.05 demonstrates that the off-time distribution is not consistent with a power-law 
model.  
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demonstrated that LS fitting of power laws introduces systematic errors, underestimates 
power-law exponents, depends on the span of the data, and, most importantly, does not 
reveal if the power law is a plausible fit to the data.
64,71
 Indeed, the data in Figure 6b is 
relatively sparse and demonstrates deviations from the power-law model, especially at 
long times. The current study avoids the problems of fitting power laws with LS and 
visual inspection by using a combined maximum likelihood estimation (MLE) and a 
Kolmogorov-Smirnov (KS) statistic approach to fit blinking data to a variety of heavy-
tailed probability distribution functions (PDFs) (e.g., power law, Weibull, lognormal).
64
 
Previous studies have shown that MLE provides more accurate estimates of the 
best-fit parameters for power laws and related functions relative to LS fitting.
61-64,71
 One 
of the most significant differences between these two approaches is MLE enables 
normalization of the power-law function from an onset time (tmin) for power-law 
behavior. That is, the inclusion of tmin shows that a power law may describe only part of a 
photophysical distribution, rather than its entirety. Hoogenboom et al. demonstrated MLE 
is an accurate method for extracting power-law exponents from single-molecule blinking 
data, setting tmin to the integration time of the experiment.
71
 However, more recent work 
by Clauset et al. demonstrated that MLE only provides accurate estimates of the power-
law exponent provided that tmin is correctly determined using a statistical method such as 
the KS test.
64
 For example, if the onset time for power-law behavior is set lower than the 
true value of tmin, the power-law model is being used to represent non-power-law data.
64
 
In addition to determining more accurate fit parameter estimates, the combined MLE/KS 
tests are dependent on the number of data points, not on the time span of the data that is 
critical in LS fitting. The results of the combined MLE and KS analysis on the on-time 
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histogram for R6G on TiO2 are presented in Figure 6c. The on-time distribution for R6G 
on TiO2 and the corresponding best fit to a power-law function corresponding to α = 2.22 
and tmin = 0.76 s are shown in Figure 6c. Comparing the results of LS fitting (Figure 6b) 
to the MLE and KS-test method (Figure 6c) demonstrates that the power-law exponent, 
α, is modified from 1.63 to 2.22. These results are consistent with the predictions that LS 
fitting underestimates the power-law exponent and demonstrate that use of the proper tmin 
value is critical to determining accurate parameter values using MLE. Indeed, the onset 
time for power-law behavior determined using the KS test (i.e., 0.76 s) is two orders of 
magnitude longer than the 10-ms time resolution of the experiment.  
Although the combined MLE and KS-test method provides accurate estimates of 
the fit parameters for power laws, the best possible power-law fit is not necessarily a 
plausible fit to the data. Clauset et al. demonstrated that a goodness-of-fit test based on 
the KS statistic can be used to quantify the plausibility of the power-law hypothesis.
64
 In 
this approach, the goodness-of-fit is quantified using the p-value, which represents the 
distance between the empirical data and the hypothesized model. Previous work has 
shown that a p-value of < 0.10 indicates that the model is not consistent with the data.
64
 
That is, the power-law hypothesis is ruled out if the data have less than a 10% probability 
of being generated by the best fit power-law function. The closer the p-value is to unity, 
the higher the probability that the data matches the identified power-law model. The 
result of fitting the on-time distribution for R6G on TiO2 to a power law is presented in 
Figure 6c. The p-value of 0.23 supports the hypothesis that the power law is a plausible 
model for the data. 
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Nonetheless, large p-values do not necessarily mean that the power law is the 
correct model for the data since other heavy-tailed distributions may match the data better 
and generate higher p-values. Indeed, Riley et al. presented the formalism for fitting 
blinking data to a variety of heavy-tailed PDFs (e.g., power-law, Weibull and log-normal 
distributions) using the aforementioned MLE method and KS tests.
61
 Ultimately, the on-
time distribution for R6G on TiO2 is not well represented by Weibull or log-normal 
functions (i.e., p-values of < 0.10 are observed), which further supports the power-law 
hypothesis (i.e., p = 0.23). Yet, the power law is only operative at relatively long times, 
as evidenced by the tmin value of 0.76 s (Figure 2c). 
The off-time distribution for 141 R6G molecules on TiO2 consists of 396 events 
ranging from 0.06 s to 64.37 s (Figure 6d). An initial attempt to describe the smoothed 
off-time probability density ( (    )       
  
) with a power law using LS fitting 
produced a best-fit value of  0.95  (Figure 2e). The result of fitting the off-time 
distribution to a power law using MLE and KS tests is shown in Figure 2f. The off-time 
CCDF is best fit to a power law with 2.78, tmin = 14.1 s, and p  = 0.02, indicating that 
the power-law model is not operative. These results highlight the importance of a robust 
MLE and KS-test analysis of single-emitter blinking data. Indeed, the p-value of < 0.10 
demonstrates that the off-time distribution is not consistent with a power law. However, 
the data is well represented by a log-normal distribution, exhibited by a p-value of 0.25. 
The log-normal distribution occurs when the logarithm of the sampled variable is 
normally distributed according to: 
 ( )  
 
√    
 
 [
(log( )  ) 
   
]
  (1) 
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where μ and σ correspond to the geometric mean and standard deviation of the variable’s 
natural logarithm, respectively. The distribution of off times for R6G on TiO2 is best fit 
to a log-normal distribution corresponding to μ = 1.10 and σ = 1.45. 
Ultimately, the robust MLE and KS analysis of blinking statistics demonstrates 
that for R6G on TiO2: on times are power-law distributed and off times are log-normally 
distributed. These results support the hypothesis that the blinking dynamics of R6G on 
TiO2 are not due to the population and depopulation of a triplet state (i.e., first-order 
kinetics). Instead, a more complex photophysical process is occurring. The observation of 
power-law distributions is consistent with a previously observed dispersive kinetics 
model, where the rate constants for dark-state population and depopulation evolve with 
time.
38,60
 For example, Lu et al. reported power-law behavior from dye molecules on 
TiO2 that was attributed to the formation of non-emissive radicals through FET and 
subsequent BET to restore the emissive state of the dye.
25,40
 The site-to-site heterogeneity 
of dye-sensitized nanocrystalline TiO2 is thought to provide for variations in the electron 
donor and acceptor distances as well as electronic coupling between the active species, 
and a corresponding distribution of electron-transfer rates. In this framework, the power-
law exponent (α) is commonly used to quantify emission statistics and establish the 
underlying physical mechanism responsible for blinking. However, our results 
demonstrate that the off times for R6G on TiO2 are not power-law distributed, but are 
instead well represented by a log-normal function. To determine the physical significance 
of these ET dynamics, we use MC simulations to model the experimental data. 
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The Albery Model for Electron Transfer 
To understand the physical origin of power-law and log-normal distributions of 
R6G/TiO2 ET dynamics, we performed MC simulations of blinking dynamics employing 
a model with three electronic levels: (1) the singlet ground state, (2) the singlet excited 
state, and (3) a non-emissive state corresponding to electron transfer (Figure 7). The rate 
constants for photoexcitation (k12) and fluorescence (k21) were set to 1.110
7
 s
-1
 and 
9.1108 s-1, respectively, based on the absorption cross-section of R6G, the experimental 
laser power, and the reported fluorescence lifetime of R6G on nanocrystalline TiO2.
72
 To 
account for dispersive kinetics, the rate constants for dark-state population (k23) and 
 
 
 
 
Figure 7. Kinetic model employed in the MC simulations. Three electronic levels are 
considered: the singlet ground state ( 1 ), the singlet excited state ( 2 ), and a dark 
state corresponding to electron transfer to TiO2 ( 3 ). Rate constants for 
photoexcitation (k12) and emission (k21) are fixed based on experimental conditions 
(solid arrows). The rate constants for dark-state population (k23) and depopulation (k31) 
are log-normally distributed (dashed arrows), consistent with Gaussian distributions of 
energy barriers to FET and BET, respectively.  
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depopulation (k31) were approximated using the Albery model.
65
 In particular, Albery and 
coworkers introduced a model for dispersed kinetics in heterogeneous systems (e.g., 
colloidal semiconductors) based on a Gaussian distribution of activation barriers that 
yields log-normally distributed rate constants. 
Since the off-event duration (    ) is equivalent to the dark-state lifetime (   ) 
(Equation 2), the Albery model predicts a log-normal distribution of off times. 
     
 
   
  (2) 
In contrast, the on-time distribution is a convolution of the kinetics for dark-state 
population (k23) and emission (k21) (Equation 3), which are known to be complex. 
    [(
   
       
)   ]
  
  (3) 
Accordingly, we hypothesize that the Albery model predicts that the on-time distribution 
need not be log-normal. The observation of power-law distributed on times from the MC 
simulations are thus attributed to complex dark-state population and emission dynamics 
 
Figure 8. On-time (red) and off-time (blue) blinking distributions of experimental data 
(dashed line) is plotted against the MC simulated data (solid line), demonstrating that 
MC simulations based on the Albery model are able to reproduce the experimental 
results. 
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as well as the fact that blinking measurements do not access the sub-millisecond 
dynamics occurring in the system. Indeed, support for this hypothesis is evidenced by the 
fact the power law only describes a portion of the data. Figure 8 demonstrates that MC 
simulations based on the Albery model reproduce the experimental observations of 
power-law and log-normal distributions for the durations of emissive and non-emissive 
events, respectively. 
Consistent with the Albery model, the log-normal off-time distribution for R6G 
on TiO2 is attributed to BET proceeding across a Gaussian distribution of energy-barrier 
heights (Figure 7). Indeed, previous time-resolved photoluminescence measurements of 
dye-sensitized TiO2 demonstrated that the ensemble-averaged emission decay dynamics 
were fit to log-normal distributions.
73
 Log-normal distributions have also been used to 
model the bulk electron-injection kinetics of dyes on TiO2.
73,74
 Thus, the fit parameters of 
the log-normal distribution (Equation 1) provide valuable insight into the underlying 
BET dynamics. Based on the Albery model, the scaling parameter μ represents the 
average energetic barrier to an ET process, and σ signifies the random variability and 
dispersion of ET rates around this mean. The value of σ in the log-normal distribution of 
off times the magnitude of the energetic dispersion thermodynamic barriers and, 
therefore, the distribution of kinetic rates. In MC simulations, this distribution of barriers 
is controlled by the parameter γ (Figure 7). The significance of the parameter α for 
power-law fits to the on-time distributions is less well defined, due to the convolution of 
governing ET rates (Equations 2 and 3) as well as the implementation of tmin. It is 
important to note that the Albery model broadly links mathematical fit parameters to 
photophysical events, but it does not suggest that direct fit parameter values can be used 
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to define the ET of a system. Previous studies have used the exact values of α to 
distinguish between photophysical models, but accurate interpretation of fit parameter 
significance must account for the effect of experimental factors (i.e., time resolution) on  
fit parameter values. 
 Binning Time and Fit Parameters 
 SMF has a 10-ms time resolution, where the intensity counts for blinking 
dynamics are determined by the number of photons collected at the detector during 10 ms 
of emission collection from the sample. The binning time (i.e., 10 ms), or time resolution 
of the blinking data, alters the distribution of photophysical data recorded as it produces 
on and off times that can be time-averaged results of many sub-millisecond emissive and 
non-emissive events. Changes to experimentally determined power-law distributions with 
altered binning times have been recently observed in the blinking dynamics of CdSe/ZnS 
core/shell quantum dots, where increasing the binning time an order of magnitude 
significantly altered the distribution power law and onset time.
75
 While the impact of 
binning on blinking dynamics that are analyzed with LS fitting has been established, the 
R6G-TiO2 System 10 ms 100 ms 
On Times 
(Power-law distributed) 
α = 2.22 ± 0.05 
tmin = 0.76 s 
p = 0.22 
α = 2.47 ± 0.05 
tmin = 4.33 s 
p = 0.17 
Off Times 
(Log-normally distributed) 
µ = 1.09 ± 0.07 
  = 1.45 ± 0.05 
p = 0.25 
µ = 1.95 ± 0.09 
  = 1.19 ± 0.06 
p = 0.18 
 
Table 1. One data set of blinking dynamics for single R6G molecules on colloidal 
anatase TiO2 was analyzed at both 10-ms and 100-ms time resolution.  The effect of 
binning time change on-time power-law and off-time log-normal functional fit 
parameters is summarized above.  
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nature of the functional artifacts and impact on fit parameters is still unknown.
76
 To probe 
the effect of experimental time resolution on the MLE/KS analysis of the on- and off-
time distributions of the R6G/TiO2 system, experimental blinking data initially recorded 
at 10 ms were rebinned at a 100-ms binning time using custom Matlab code. For the two 
different time resolutions, the same data were parsed into on and off times using the CPD 
algorithm and fit to power-law, Weibull, and log-normal distributions using MLE/KS 
analysis.  
At both 10-ms and 100-ms binning times, the on- and off-time distributions for 
the R6G/TiO2 system are best represented by power-law and log-normal distributions 
respectively (i.e., p-values > 0.10) (Table 1). Preservation of the functional forms at 
different binning times indicates that a broad understanding of the photophysical system 
is possible at a range of binning times (i.e., the Albery model). However, a nuanced 
understanding of the system hinges on interpretation of the fitting parameters for both 
power-law (i.e., α and tmin) and log-normal distributions (i.e. μ and σ). The fit parameters 
of the on-time and off-time distribution fits are altered significantly by a ten-fold increase 
in binning time, indicating that the absolute values of α, tmin, σ, and µ cannot be used to 
determine the exact kinetics of the system. For the log-normal fits to the off-time 
distributions, μ increases from 1.09 ± 0.07 at 10-ms resolution to 1.95 ± 0.09 at 100-ms 
resolution, suggesting that the mean energetic barrier to BET increased with rebinning. 
Since the 10-ms and 100-ms data, are identical, the observed changes in µ are an artifact 
of time resolution. The fit parameter σ also artificially changes with binning time, 
decreasing from 1.45 ± 0.05 to 1.19 ± 0.06 for 10-ms to 100-ms data. The power-law fit 
to experimental R6G/TiO2 on-time distributions produces significant differences in 
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exponent value when binned at 10 ms (i.e., α = 2.22 ± 0.05) and 100 ms (i.e., α = 2.47 ± 
0.05), and the tmin value increased by an order of magnitude from 0.76 s to 4.33 s. It is 
clear from this analysis that parameter values cannot be considered as exact values, but 
rather relative values, for the photophysical systems. 
Previous experiments have commonly used the power-law exponent (α) to quantify 
emission statistics and establish the underlying physical mechanism responsible for 
blinking.77-80 However, we have demonstrated that the value of α varies with both statistical 
method (i.e., LS fitting vs. MLE/KS test method) and experimental time resolution (i.e., 10-
ms vs. 100-ms binning time). Changing binning times for both experimental and simulated 
data support application of the Albery model for parameter significance, but they 
ultimately reveal physical consideration of fit parameter values must be relative, not 
absolute. Indeed, when MC simulations reproducing the 10-ms experimental distributions 
for the R6G/TiO2 system were simulated with better time resolution (i.e., 10-µs binning 
time), distributions previously represented by power laws became the log-normally 
distributed as by the Albery model. Therefore, the new insights provided by the robust 
MLE and KS-test analysis of blinking dynamics and binning time experiments raise a 
new question: are functional fits and corresponding parameters sensitive to the sensitizing 
molecule and the substrate? To test this hypothesis and the significance of fitting 
parameters, we performed additional single-molecule experiments with two different 
sensitizers, rhodamine B (RB), and 5-carboxy-x-rhodamine (5-ROX). We also studied 
the blinking dynamics of R6G molecules on glass and single-crystal rutile TiO2 
substrates. 
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Effect of Sensitizing Molecule on ET 
Off-Time Distributions 
SMF was used to characterize the blinking activity of R6G, RB, and 5-ROX and 
probe the effect of sensitizer structure on interfacial ET dynamics. Emitters were chosen 
to be successful sensitizers whose FET and BET kinetics are generally thought to be 
multiphasic and therefore rich systems for SMS studies.
5,40,81,82
 While R6G, RB, and 5-
ROX contain very similar fluorophore structures, they contain different functional groups 
and, consequently, have varying reactivities with nanocrystaline TiO2. RB is a structural 
analog to R6G containing a carboxylic acid group that may participate in binding to TiO2. 
To examine the impact of sensitizing molecule on emitter photophysics, the blinking 
dynamics of 70 RB molecules on TiO2 were measured and compiled into on-time and 
off-time distributions. Blinking analysis yielded 152 off times, where non-emissive 
events ranged from 0.05 s to 37.42 s. Table 2 summarizes the results of fitting off times 
for RB on TiO2 to power-law and log-normal functions. The off-time distribution for RB 
on TiO2 is strongly log-normal (i.e., p = 0.68) with best-fit parameters corresponding to μ 
= 0.70 and σ = 1.56. The scale parameter (μ) of the log-normal distributions is modified 
Off Times Power Law: Lognormal: 
System tmin (s) α p μ σ p 
R6G off 14.1 2.78 ± 0.09 0.02 1.10 ± 0.07 1.45 ± 0.05 0.25 
RB off 1.25 1.71 ± 0.06 0.04 0.70 ± 0.13 1.56 ± 0.09 0.68 
5-ROX off 118 22 ± 1 0.94 1.70 ± 0.10 1.77 ± 0.07 0.01 
 
Table 2. Off-time distributions of R6G, RB, and 5-ROX on colloidal anatase TiO2 fit 
with power-law and log-normal distributions. Best-fit parameters, p-values, and errors 
representing one standard deviation are shown. Statistically significant p-values are in 
bold, where red boxes indicate likely fits to power-law distributions and green boxes 
indicate likely fits to log-normal distributions.  
 30 
from R6G/TiO2 (i.e., μ = 1.10 ± 0.07) to RB/TiO2 (i.e., μ= 0.70 ± 0.13). In contrast, the 
values for σ are similar within error (i.e., 1.45 ± 0.05 for R6G/TiO2 as compared to 1.56 ±  
0.09 for RB/TiO2). 
The off-time distributions for R6G and RB adsorbed onto colloidal TiO2 are both 
well represented by log-normal functions, with statistically similar values for σ but 
different values of µ. In the physical system, the scaling parameter µ proportionally 
relates to the lifetime of the dark state, showing that R6G molecules undergo slower BET 
to the semiconductor matrix than RB molecules. The change in the µ parameter indicates 
that sensitizer structure does impact interfacial ET dynamics. However, increased 
covalent bonding due to change in anchoring group is expected to more significantly alter 
the ET dynamics of a system,
31
 inconsistent with the observed modest changes in 
statistical parameters. Therefore, it is likely that the RB and R6G molecules are 
physisorbed to the colloidal TiO2 particles.
81
 Because functional groups in the ortho-
position are sterically hindered by the rigid fluorophore structure, both the ester in R6G 
and the carboxylic acid in RB are prevented from attaining a conformation conducive to 
covalent bonding with TiO2.
76
 In contrast, 5-ROX contains the xanthene core present in 
R6G and RB, with an additional carboxylic acid group in the para-position. The para-
Emitter on TiO2 
Average off time 
(s) 
Minimum off time 
(s) 
Maximum off time 
(s) 
R6G 7.39 0.06 64.37 
RB 5.66 0.05 37.42 
5-ROX 18.52 0.05 138.26 
 
Table 3. Average, minimum, and maximum off-time durations for R6G, RB, and 5-
ROX on colloidal anatase TiO2 
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oriented carboxylic acid is unhindered by steric interaction with the xanthene core and 
may therefore anchor covalently to TiO2 nanoparticles. Thus, the study of 5-ROX 
blinking dynamics on colloidal TiO2 nanoparticles provides valuable insights into the 
impact of binding on dye-semiconductor ET. 
Blinking dynamics of 146 5-ROX molecules were measured on colloidal TiO2, 
yielding 327 off times ranging from 0.05 s to 138.26 in duration, notably longer than the 
non-emissive events of RB and R6G molecules. Table 3 shows that the average off time 
of a single 5-ROX molecule on colloidal TiO2 is 18.52 s, more than double the average 
duration of the sensitizers without a para-position functional group (i.e., 7.39 s for 
R6G/TiO2 and 5.66 s for RB/TiO2). The increase in average off-time duration for 5-ROX 
molecules on glass indicates a change in ET dynamics between the dye molecule and the 
semiconductor matrix. This significant difference in the photophysical data is also 
apparent in the functional fit of the off-time distribution. Table 2 summarizes the power-
law and log-normal fits for the 5-ROX off-time distribution. Based on p-value alone (p = 
0.94), the distribution of 5-ROX/TiO2 off times appears to be well represented by a 
power-law function. However, closer inspection of the fit parameters reveals that the 
power-law fit is operative for a negligible portion of the data. The tmin value of 118 s is 
two orders of magnitude greater than the experimental time resolution, such that this 
power law only captures 2% of the data. The tmin values determined with MLE and KS 
tests are not only important in determining accurate best-fit parameters for power laws, 
but are also important indicators of the extent of data that can be described by power law 
at all. Power-law distributions with large p-values may fit the data well, but 
corresponding large tmin values indicate they are only operative for a small fraction of the  
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data. Excluding the power-law fit from consideration due the aforementioned reasons, we 
conclude the 5-ROX off-time distribution is best fit by a log-normal function, where the 
scale parameters are μ = 1.70 ± 0.10 and σ = 1.77 ± 0.07. 
The log-normal fit parameters for the 5-ROX/TiO2 off-time distribution vary 
significantly from the μ and σ values determined for the RB and R6G systems, indicating 
fundamental differences in the photophysical systems. Indeed, ensemble-averaged 
experiments have established the effect of dye structure and anchoring groups on ET 
dynamics.
31,24,83 
In determining the physical origins of fit parameter changes, the 
parameter μ is of particular interest due to its association with the mean energetic barrier 
to ET. We interpret the physical significance of the parameter values by comparing the 
results for the three rhodamine dyes, where larger μ values reflect increased energetic 
barriers to ET processes. Comparing the three sensitizers, R6G (μ = 1.10), RB (μ = 0.70), 
and 5-ROX (μ = 1.70), shows that 5-ROX has the highest barrier to BET and 
consequently demonstrates the slowest BET rates. The decrease in BET rate for the 5-
ROX/TiO2 system is consistent with work by Kaniyankandy et al., which demonstrated 
that stronger coupling between dye molecules and TiO2 nanoparticles leads to greater 
electron delocalization and therefore slower BET rates.
84
 Covalent bonding between the 
sterically free, para-positioned carboxylic ester present in 5-ROX establishes a much 
stronger complex than the physisoroption predominant in the R6G and RB systems. 
The fitting parameter σ was significantly larger for 5-ROX on TiO2 (σ = 1.77 ± 
0.07) in relation to the comparable R6G (σ = 1.45 ± 0.05) and RB (σ = 1.56 ± 0.09) 
values, indicating that the 5-ROX on TiO2 system contains a comparatively large range of 
BET rates. This increase in ET rate distribution is consistent with the increased geometric 
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heterogeneity expected for the 5-ROX on colloidal TiO2 system, as 5-ROX molecules are 
likely to both physisorb to the TiO2 substrate like R6G and RB molecules, as well as 
covalently bond to the semiconductor. A larger range of orientations between dye and 
semiconductor lead to greater heterogeneity of local environments and therefore larger σ 
values.  
Ultimately, the robust MLE and KS analysis of blinking statistics demonstrates 
that for R6G, RB, and 5-ROX on TiO2, off times are log-normally distributed on 
colloidal TiO2 substrates. These results support the hypothesis that the blinking dynamics 
of R6G on TiO2 are not due to neither the population-depopulation of a triplet state (i.e., 
exponentially distributed off times). Instead, a more complex photophysical process is 
occurring. We find that the Albery model for electron transfer is consistent with 
experimental results and can be successfully modeled with MC simulations (Figure 8). 
On-Time Distributions 
Blinking analysis of single RB molecules on TiO2 yielded 769 on times ranging 
from 0.02 s to 15.71 s in duration. The on-time distribution for RB on TiO2 is well 
represented by a power law (i.e., p-value = 0.16) corresponding to α = 2.53 and tmin = 0.66 
s. The on-time distributions for both RB and R6G on TiO2 are well represented by power 
laws that exhibit similar values for tmin (Table 4). However, statistically significant 
changes to α are observed for R6G/TiO2 (i.e., α = 2.22 ± 0.05) versus RB/TiO2 (i.e., α = 
2.53 ± 0.06), where the error represents one standard deviation.
64
 Photophysical data 
from 146 5-ROX molecules yielded 541 on times ranging from 0.02 s to 42.35 s. The 
corresponding on-time distribution was also well represented by a power law (i.e., p 
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=0.53) with the exponent α = 2.25, which is similar within error to the value for R6G on 
TiO2 (i.e., α = 2.22  ± 0.05). The physical significance of variations in the power-law  
exponent, α, is therefore difficult to interpret. 
However, the onset of the 5-ROX/TiO2 power-law distribution occurs at tmin = 
1.83 s, approximately double the value of the tmin values for the R6G and RB power-law 
fits. Referencing the raw data shows that the significant power-law fit for the 5-ROX on-
time distribution is only operative for 12% of the on events. Moreover, the power-law 
distributions representing the on-time distributions for R6B molecules on TiO2 (i.e., p-
value = 0.23, tmin = 0.76) and RB molecules on TiO2 (i.e., p = 0.16, tmin = 0.66), only 
describe 13% and 15% of their respective photophysical data. Power laws that seems to 
represent an event distribution well (i.e., p-value > 0.10) only represent the on-time 
distributions of rhodamine dyes on TiO2 at long times, durations that have been favored 
by the time-averaging associated with the poor SMF time-resolution. Implementation of 
the tmin parameters in the MLE/KS analysis reveals that power-law distributions represent 
On Times Power Law: Lognormal: 
 tmin (s) α p μ σ p 
R6G on 0.76 2.22 ± 0.05 0.23 -1.52 ± 0.05 1.34 ± 0.04 0.00 
RB on 0.66 2.53 ± 0.06 0.16 -1.91 ± 0.05 1.25 ± 0.03 0.00 
5-ROX on 1.83 2.25 ± 0.05 0.53 -0.66 ± 0.06 1.48 ± 0.05 0.03 
 
Table 4. On-time distributions of rhodamine dyes on colloidal anatase TiO2 are fit with 
power-law and log-normal distributions. Best-fit parameters, p-values, and errors 
representing one standard deviation are shown. Statistically significant p-values are in 
bold, where red boxes indicate likely fits to power-law distributions and green boxes 
indicate likely fits to log-normal distributions.  
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the on-time distribution at long events. We conclude that although the power-law 
distribution accurately fits the long-time events (> tmin) but the power law is operative for 
only ~15% of the data. This observation begs the question: are power laws an artifact of 
the experiment, or are they the result of a real physical phenomena? Both the Albery 
model and MC simulations at 10-µs binning time suggest that on-time distributions 
should in fact be log-normally distributed with improved experimental time resolution. 
Thus, power laws are simply the product of blinking measurements that do not access the 
sub-millisecond dynamics occurring in the system.  
Effect of Substrate on ET 
 While colloidal anatase is the TiO2 form used in DSSCs and most experimental 
studies, variations in substrate provide insights into the effect of local environment on ET 
dynamics in dye-semiconductor systems. In addition to the analysis of R6G on colloidal 
anatase TiO2 presented earlier, SMF was used to characterize the ET dynamics of R6G 
on an insulator (i.e., bare glass) and a homogenous semiconductor surface (i.e., single-
crystal rutile TiO2).  False-colored fluorescence images of single R6G molecules on glass, 
colloidal anatase TiO2, and single-crystal rutile TiO2 demonstrate significant differences in 
photophysics of the three systems and the limitations of SMF utility. Blinking dynamics of 
R6G on bare glass illustrate the extent to which molecular photophysics are influenced by 
the presence of colloidal TiO2. (Only qualitative analysis of the R6G/glass false-colored 
fluorescence images is relevant to the discussion of binning times, so CPD and MLE/KS 
analysis for the system is presented in the Appendix. Blinking analysis for RB and 5- 
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ROX on glass are also in the Appendix.) Figure 8 presents false-colored fluorescence 
images of single R6G molecules on colloidal anatase TiO2 and glass, recorded with 10- 
ms and 50-ms integration times respectively. The emission intensity of R6G is 
substantially decreased on colloidal anatase relative to glass. Furthermore, although 
fluorescence spots with diameters on the order of the diffraction limit are  
observed on glass, the corresponding fluorescence image for single molecules on TiO2 is  
 
 
Figure 8. False-colored 8×8 μm2 images of the fluorescence from 10-9 M R6G on (a) 
TiO2 and (b) glass, obtained using 532-nm excitation and laser powers (Pexc) of 8.2 µW 
and 0.73 µW for TiO2 and glass substrates, respectively. Color scale corresponds to 
counts per 50 ms. The emission intensities of R6G molecules are substantially decreased 
on TiO2 relative to glass, consistent with electron injection to TiO2 to populate a non-
emissive state of the molecule. 
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pixilated, demonstrating that non-emissive events with durations exceeding 50-ms 
integration time of the experiment are frequently observed. Since single-molecule 
emission intensity is determined by the fraction of time that fluorescence is dominated by 
electron injection,
25,40
 these results are consistent with the hypothesis that dyes in  
proximity to TiO2 undergo rapid electron transfer to populate a non-emissive state of the 
molecule. However, pixilation of the imaged molecules is modest and does not alter the  
fluorescent spot density, as the frequency of emission states is sufficient to compensate for 
time averaging.  
In contrast to bare glass insulator, the single-crystal rutile TiO2 substrate is a 
homogenous surface conducive to covalent bonding with dye molecules and is therefore an 
ideal substrate for ET from dye molecules to a semiconductor matrix. Single-crystal rutile 
was originally chosen as a semiconductor substrate to probe dye-semiconductor binding, as 
geometric heterogeneity of the colloidal anatase TiO2 nanoparticle films prevents 
determination of dye-semiconductor bonding through molecular orientation measurements. 
The single-crystal substrate is comprised of homogenous geometric structure from which 
(a) (b)  
 
 
Figure 10. Unit cell crystal structures for (a) anatase TiO2 and (b) rutile TiO2, where 
oxygen atoms are shown in red and titanium centers are in grey. Experimentally-relevant 
c-axis is shown for rutile. 
 
  
c-axis 
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bonding functional groups can be identified. In this study, the single-crystal rutile substrate 
is a thin, transparent rectangular crystal composed of rutile, oriented so that R6G molecules 
are adsorbed to (110) (Figure 9b). In contrast, the colloidal TiO2 used to study the blinking 
dynamics of R6G, RB, and 5-ROX is composed of anatase particles of approximately 200 Å 
diameter.
66
 Although anatase is available in single-crystal form, rutile was chosen for this 
experiment due for its stability, cost, and accessibility. Rutile and anatase are both 
polymorphs of TiO2 and have identical chemical compositions (Figure 9). While these 
polymorphs do have different band gaps, ionization potentials, and electron affinities,
85
 
photovoltages of rutile and anatase thick films are essentially equal.
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Figure 11 illustrates the difference in fluorescence spot density and relative single-
molecule emission intensity of 1x10
-9
 M R6G dye molecule solution spin-coated on glass, 
colloidal TiO2, and single-crystal TiO2. The number of R6G fluorescent spots on single-
crystal rutile TiO2 is substantially lower than observed on glass and colloidal TiO2 
substrates, showing that non-emissive events with durations that exceed the 50-ms dwell 
time of the imaging experiment are extremely common. The emission intensity of R6G is 
(a) (b) (c)  
 
 
Figure 11. Comparison of 5 µm x 5 µm false-colored images of 1x10
-9
 M R6G on (a) 
glass (b) colloidal anatase (c) single crystal rutile. 
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also considerably decreased on single crystal TiO2 relative to glass and colloidal TiO2, 
showing the prevalence of non-emissive events shorter than 50 ms. The substantial decrease 
in fluorescent spot density on single-crystal rutile indicates that only a small fraction of 
molecules are being probed with SMF, a subpopulation of molecules undergoing less 
efficient ET to the TiO2 matrix. The blinking dynamics of this population cannot be used to 
characterize the distribution of ET kinetics for the entire system, but they potentially 
represent the population of molecules causing ensemble-level inefficiencies in DSSCs. 
However, ultimately SMF cannot be used to characterize the efficient ET dynamics 
of the R6G/single-crystal rutile system because the significant decrease in fluorescent spot 
density of single R6G molecules prevents successful blinking analysis. The false-colored 
images of dye molecules on single crystal rutile have consistently low signal-to-noise ratios 
(i.e. background intensity of  ~10 counts and emissive molecule intensities of ~40 counts 
with 50-ms binning times) due to time averaging in which intensities of emissive events 
were averaged with the abundance of non-emissive events. Low signal-to-noise ratios in 
blinking traces are similarly caused by non-emissive events shorter than the 10-ms 
integration time. Attempts to measure blinking dynamics for 22 single R6G molecules 
resulted in traces that did not display distinct “on” and “off” events. Only one trace 
exhibited emissive events. Furthermore, decrease in signal intensity due to time averaging 
compromises the ability to locate molecules in space and record blinking. In other words, 
the R6G on single-crystal rutile TiO2 exhibits ET dynamics too efficient to be probed with 
SMF. 
The decrease in fluorescent spot density in images of R6G molecules of single-
crystal rutile suggests that FET is extremely fast and BET is comparatively very slow. The 
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increased efficiency of electron transfer from R6G molecules to the TiO2 matrix may be due 
to increased covalent bonding, considering the uniformly exposed (110) of single-crystal 
rutile is more reactive than the heterogeneous surface of colloidal anatase nanoparticles. 
Moreover, such difference in R6G fluorescent spot density on colloidal anatase and single-
crystal rutile suggests that the observed ET dynamics on colloidal anatase are actually a 
convolution of ET with the TiO2 nanoparticles and glass, resulting in longer and more 
frequent emissive events than the blinking dynamics of R6G on single-crystal rutile in the 
complete absence of glass substrate. As hypothesized for the 5-ROX/colloidal anatase 
system, increased bonding is associated with slower BET rates due to greater electron 
delocalization within the semiconductor matrix, leading to greater overall ET efficiency and 
long non-emissive events.
84
 Long binning times for a system with few emissive events 
prevents detection of a large number of R6G molecules, indicating that the single R6G 
molecules that can be imaged on single-crystal rutile represent a subpopulation of molecules 
undergoing less efficient ET. Moreover, blinking dynamics of dye molecules on single-
crystal rutile TiO2 could not be recorded due to low signal-to-noise ratios cause by time 
averaging, motivating single-molecule experiments with improved time resolution using a 
technique such as time-correlated single-photon counting (TCSPC). Indeed, future studies in 
our lab will be focused on single-molecule TCSPC studies to obtain a complete picture of 
chromophore photophysics from the picosecond to second timescales. 
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CONCLUSIONS AND FUTURE WORK 
We have used single-molecule fluorescence to probe the ET kinetics of 
rhodamine dyes on TiO2 substrates. Our results reveal several new insights about the 
emission statistics of single molecules on TiO2. By analyzing the single-molecule 
blinking dynamics using a statistically-principled method, we discover the off-time 
distributions for molecules on TiO2 are not consistent with power laws and are instead 
well represented by log-normal distributions. These results highlight the need for the 
statistically-robust analysis of single-molecule blinking dynamics in order to accurately 
identify the functional fits and corresponding kinetic models responsible for blinking. 
Our data supports the hypothesis that the rate constants for BET are log-normally 
distributed, consistent with the Albery model (i.e., a Gaussian distribution of activation 
energies) where off times are log-normally distributed and on-times are well represented 
by power laws. However, we observe that both log-normal and power-law fit parameters 
change with experimental time resolution, indicating that parameters (e.g., the power-law 
exponent α) are best analyzed as relative values of molecule photophysics. 
Thus, we compare the blinking dynamics of R6G, RB, and 5-ROX dyes on 
colloidal anatase TiO2, in which on and off times are well represented by power-law and 
log-normal distributions, respectively. For the off-time distributions, we observe only 
modest differences in the log-normal fitting parameters of R6G and RB molecules, while 
the log-normal fit of the para-functionalized 5-ROX dye system has a higher value of μ. 
Increase in μ indicates that 5-ROX molecules undergo much slower BET to TiO2 
nanoparticles than R6G and RB molecules, likely due to increased bonding and therefore 
increased electron delocalization. In contrast, the on-time distributions for rhodamine 
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molecules on TiO2 appear to be well described by power-law distributions, but large tmin 
values reveal that the power laws are operative for less than 15% of the fitted data. We 
hypothesize that power-law fits are a result of the experimental timing resolution and bias 
towards long events, as both the Albery model and MC simulations at 10-µs binning time 
predict that on and off times should be log-normally distributed. Changes in fluorescent 
spot density on false-colored images of R6G molecules on bare glass, colloidal anatase 
TiO2, and single-crystal rutile TiO2 demonstrate the experimental implications of binning 
time, where time-averaging compromises SMF capacity to locate molecules and measure 
blinking dynamics. Thus, single-molecule studies of rhodamine molecules on single-
crystal rutile TiO2 could not be completed due to extremely efficient ET from dye 
molecules to semiconductor in this system. Future investigations will apply ultrafast 
single-molecule methodologies such as time-correlated single-photon counting (TSCPC) 
to probe the picosecond to millisecond kinetics of single molecules. 
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 APPENDIX 
 
 
 
 
 Power Law: Lognormal: 
Glass System tmin (s) α p μ σ p 
On 
Times 
5-ROX 1.12 2.02 ± 0.03 0.03 -1.07 ± 0.04 1.55 ± 0.03 0.00 
RB 0.71 2.04 ± 0.03 5.3x10
-4
 -1.58 ± 0.04 1.46 ± 0.03 0.00 
R6G 0.16 1.81 ± 0.03 0.00 -1.49 ± 0.04 1.33 ± 0.03 0.00 
Off 
Times 
5-ROX 30.0 2.8 ± 0.1 0.1320 1.2 ± 0.01 1.74 ± 0.07 0.02 
RB 3.27 1.97 ± 0.08 0.03 0.71 ± 0.12 1.52 ± 0.09 0.70 
R6G 4.34 2.21 ± 0.09 0.05 0.52 ± 0.13 1.62 ± 0.09 0.22 
 
Table 5. On- and off- time distributions of rhodamine dyes on bare glass are fit with 
power-law and log-normal distributions. Best-fit parameters, p-values, and errors 
representing one standard deviation are shown. Statistically significant p-values are in 
bold.  
 
 
